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Introduction {#sec001}
============

*Haemophilus parasuis* is an early colonizer of the upper respiratory tract of pigs, and the etiological agent of Glässer\'s disease, which is characterized by polyserositis, polyarthritis, meningitis, and arthritis \[[@pone.0176537.ref001]--[@pone.0176537.ref002]\]. Glässer\'s disease has been reported sporadically and is usually associated with precipitating stress factors. With the effects of immunosuppressive viruses and increasingly intensive swine production, there is an apparent increase in the prevalence of the disease \[[@pone.0176537.ref003]\]. Nowadays, *H*. *parasuis* is a widespread epidemic pathogenic bacteria and leads to huge economic losses to the world swine industry, while prevention and control of Glässer\'s disease remain a big challenge \[[@pone.0176537.ref004]\].

Fifteen distinct serovars of *H*. *parasuis* have been described, while approximately 26% of the isolates were reported as non-typeable using traditional serotyping \[[@pone.0176537.ref005]--[@pone.0176537.ref006]\], and this percentage was lower when detected by molecular serotyping methods \[[@pone.0176537.ref007]--[@pone.0176537.ref008]\]. Commercial vaccines mainly comprise inactivated whole-cell vaccines and could not confer cross-protection against different serovars \[[@pone.0176537.ref009]\]. Currently, the development of subunit vaccines has attracted more attention, and they mainly concentrate upon outer membrane proteins (OMPs) as vaccine candidate antigens \[[@pone.0176537.ref010]\]. OMPs are unique to Gram-negative bacteria and have been shown to be potential candidates for vaccine development against infections in recent years \[[@pone.0176537.ref011]\]. Several OMPs of *H*. *parasuis*, such as PalA, D15, OmpP2, HPS-06257, OapA, HPS-0675, GAPDH, native outer membrane proteins with affinity to porcine transferrin (NPAPT) and many more have been confirmed to exhibit a strong potential as vaccine candidates \[[@pone.0176537.ref012]--[@pone.0176537.ref016]\]. However, a combination of protective antigens may be able to provide effective protection against multiple *H*. *parasuis* serovars.

In our previous study, six secreted proteins and seven OMPs were predicted using bioinformatic analysis and were evaluated as potential vaccine candidates of *H*. *parasuis* serovar 5 \[[@pone.0176537.ref017]--[@pone.0176537.ref018]\]. In the present study, we adopted the same approach to identify protective antigens. Five OMPs, including OppA (oligopeptide permease ABC transporter membrane protein), TolC (RND efflux system outer membrane lipoprotein), LppC (lipoprotein C), HAPS_0926 (DNA uptake lipoprotein), and HxuC (haem-haemopexin utilization protein C/outer membrane receptor protein) were cloned, expressed, and purified, and initially screening for protective potential was performed in a murine model. Then rTolC, rLppC, and rHAPS_0926, showing a good protective potential, were administered individually or in combination to evaluate the protective immunity against *H*. *parasuis*.

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

All animal procedures were approved by the Ethics Committee of Institute of Animal Health, Guangdong Academy of Agricultural Sciences according to Guangdong Province Laboratory Animal Management Regulations---2010. The license number was SYXK(Yue) 2011--0116. All efforts were made to minimize suffering. Humane endpoints used during the animal survival study were: rapid weight loss of \>20% of body weight, poor physical appearance (reduced mobility, rough coat and depression), rapid breathing, swollen eyes, and joint tumefaction. Following infection, the healthy status of animals was evaluated every 8 h and there were not unexpected deaths. Animals that reached humane endpoints were euthanized through complete exsanguination via cardiac puncture under general anesthesia with inhaled 2% isoflurane.

Bacterial strains and growth conditions {#sec004}
---------------------------------------

*H*. *parasuis* was maintained in tryptic soy broth (TSB) (Difco, Detroit, MI, USA) with 10% inactivated newborn calf serum and 0.01% nicotinamide adenine dinucleotide (NAD) (Sigma, St. Louis, MO, USA) or plated on tryptic soy agar (TSA) (Difco, USA) plus 10% serum, and 0.01% NAD at 37°C. *Escherichia coli* strains were cultured in Luria-Bertani (LB) medium. If necessary, 100 μg/mL ampicillin or 50 μg/mL kanamycin was complemented. *E*. *coli* DH5α (Invitrogen, Carlsbad, CA, USA) and BL21(DE3) (Invitrogen, USA) were used for the cloning of plasmids and expression of recombinant proteins. The *H*. *parasuis* serovar 5 H46 was isolated from a pig farm in Guangdong Province, China \[[@pone.0176537.ref018]\]. For challenge test, H46 was cultured on TSA agar for 16 h at 37°C. Then a single clone was randomly picked, inoculated into 5 mL TSB (plus 10% serum and 0.01% NAD) and shaken at 37°C overnight. The overnight culture was reinoculated into 500 mL of TSB medium to bacteria counting.

Screening, cloning, expression, and purification of the recombinant proteins {#sec005}
----------------------------------------------------------------------------

To identify the OMPs of *H*. *parasuis* serovar 5 as candidate vaccines, we used a strategy combining bioinformatic analysis with an experimental approach as described previously \[[@pone.0176537.ref017]\]. The gene sequences of five selected antigens (OppA, TolC, LppC, HAPS_0926, and HxuC) were collated from *H*. *parasuis* SH0165 complete genome sequence \[[@pone.0176537.ref019]\].

Total genomic DNA was prepared from an *H*. *parasuis* serovar 5 H46 strain. Briefly, H46 was cultured in TSB overnight and 5 mL of culture was collected and lysed with the Bacterial DNA extraction kit (Sangon, Shanghai, China). The DNA region encoding each protein without the putative secreted signal was amplified with the primer pairs ([Table 1](#pone.0176537.t001){ref-type="table"}) from H46 genomic DNA. The amplified PCR products digested with restriction enzymes (*BamH* I/*Xho* I) were used to transform into the pET-30a(+) vector (Novagen, Billerica, MA, USA), and then were transformed into *E*. *coli* DH5α. The plasmid constructs were verified by restriction digestion, PCR, and sequencing. The constructed expression vectors were transformed to *E*. *coli* BL21(DE3) for expression with a C-terminal 6 × His-tag. Recombinant proteins were induced upon treatment with 0.6 mM isopropyl-β-d-thiogalactopyranoside (IPTG) for 4 h. These expressed OMPs were purified by Ni^2+^-NTA affinity chromatography (Qiagen, Dusseldorf, Germany) in accordance with the instructions. Protein quantifications were detected with the bicinchoninic acid (BCA) protein assay kit (Tiangen, Beijing, China) and stored at --80°C.

10.1371/journal.pone.0176537.t001

###### Experimental design for grouping and antigen dose of immunization.

![](pone.0176537.t001){#pone.0176537.t001g}

  Group   Vaccine                     Dose
  ------- --------------------------- -------------------
  1       rTolC                       60 μg/200 μL
  2       rLppC                       60 μg/200 μL
  3       rHAPS_0926                  60 μg/200 μL
  4       rTolC + rLppC               30μg each/200 μL
  5       rTolC + rHAPS_0926          30μg each/200 μL
  6       rLppC + rHAPS_0926          30μg each/200 μL
  7       rTolC + rLppC+ rHAPS_0926   20 μg each/200 μL
  8       PBS                         200 μL

SDS-PAGE and Western blotting analysis {#sec006}
--------------------------------------

Five purified recombinant OMPs were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and the transfer of proteins to a polyvinylidene fluoride (PVDF) membrane. Western blotting analysis was carried out using our previous study \[[@pone.0176537.ref017]--[@pone.0176537.ref018]\]. Convalescent swine sera (1:500 diluted with 5% skim milk in PBST) were added and incubated for 1 h at room temperature (RT) as primary antibody, and goat anti-porcine IgG (H + L)-HRP antibody (1:5,000) (Sigma, USA) was added and incubated at RT for 1 h as secondary antibody. After washing three times with PBS, the specific antigen-bound antibody was visualized with ECL (Biovision, Milpitas, CA, USA) following the manufacturer's instructions.

Immunization-challenge test of the selected five OMPs in mice {#sec007}
-------------------------------------------------------------

All animals used in this study were maintained under optimal conditions of temperature, hygiene, humidity, and light with a 12-h dark/light cycle. Sixty female BALB/c mice (seven-week-old) were randomly divided into six groups of 10 mice each. Five groups were vaccinated subcutaneously with 50 μg each of recombinant OMP emulsified in 200 μL of complete Freund's adjuvant (CFA) (Sigma, USA). The mice were boosted at 21 days post-immunization (dpi) using the identical dosage of antigens, but with incomplete Freund's adjuvant (IFA) (Sigma, USA). The sixth group, serving as a negative control (NC), was immunized with phosphate-buffered saline (PBS) emulsified in the corresponding Freund's adjuvant. At 42 days following the first immunization, all of the mice were intraperitoneally infected with 2 × 10^9^ colony forming unit (CFU) log-phase *H*. *parasuis* H46 strain. After the challenge, clinical signs were monitored for two weeks, and mice judged to be in a moribund state were euthanized.

Evaluation of the efficacy of the three screened OMPs in mice {#sec008}
-------------------------------------------------------------

One hundred and twenty mice were randomly assigned to eight groups of 15 mice each. Three screened OMPs rTolC, rLppC, and rHAPS_0926 were placed in eight groups ([Table 2](#pone.0176537.t002){ref-type="table"}). Groups 1 to 3 were immunized with 60 μg of each recombinant protein emulsified in 200 μL of CFA via subcutaneous injection. Groups 4 to 6 received a mixture of two kinds of the recombinant OMPs (containing 30 μg of each antigen) with an equal volume of CFA. Group 7 was immunized with mixed rTolC, rLppC, and rHAPS_0926 (20 μg each). Mice in Group 8 were immunized with 200 μL of PBS emulsified in CFA serving as a NC. A booster immunization was given at 21 dpi using the same antigen and IFA.

10.1371/journal.pone.0176537.t002

###### Primers for amplifying the genes encoding the five outer membrane proteins.

![](pone.0176537.t002){#pone.0176537.t002g}

  Genes         Primer sequences[^a^](#t002fn001){ref-type="table-fn"}
  ------------- --------------------------------------------------------
  *OppA*        `GCGGATCCTTATTAGCCAGTGCGATT`
                `GCCCTCGAGTTACTGCTTAATGATATA`
  *TolC*        `GCGGATCCTTACTTTCTGCACTGGTA`
                `CCCTCGAGCTATTTGCGATATTTCCC`
  *LppC*        `GCGGATCCACCGCCACGATATTGTAG`
                `GGCTCGAGGTTTGCATCAACAATAGA`
  *HxuC*        `GCGGATCCATTTAATATTGCGCCCAG`
                `GCCCTCGAGATGAGACTATCAAAAATT`
  *HAPS_0926*   `GCCGGATCCATATTTGTAAAGGTTTTA`
                `GGCTCGAGAAATTGCTCGCCATATTT`

^a^ Introduced restriction sites were highlighted in italics and underlined.

At 42 days following the primary immunization, the immunized mice (ten mice in each group) were intraperitoneally inoculated with 5.0 × 10^9^ CFU log-phase *H*. *parasuis* H46 strain. The animals were intensively monitored daily after the challenge for the presence and severity of clinical symptoms of illness or mortality. At 14 days post-challenge (dpc), all surviving mice were euthanized, and different tissues (heart, liver, spleen, lung, and kidney) were collected and subjected to pathological and immunohistochemistry (IHC) examinations and PCR.

Indirect ELISA {#sec009}
--------------

An indirect enzyme-linked immunosorbent assay (ELISA) was made in accordance with the method described in previous study \[[@pone.0176537.ref013]\]. The sera collected from pre-immune mice by tail vein bleeding were used as controls. Briefly, ELISA plates were coated with 0.2 μg/well of purified recombinant protein antigen diluted in coating buffer (0.02 M carbonate-bicarbonate buffer, pH 9.6), incubated overnight at 4°C. Following washing, 1% (w/v) bovine serum albumin in PBST (PBS containing 0.05% Tween-20, pH 7.4) was added to wells for blocking. Then the plates were incubated with serially diluted serum samples (initially in 1:100) at 37°C for 1 h. Horseradish peroxidase-conjugated goat anti-mouse IgG (Sigma, USA), at a dilution of 1:5,000, was subsequently added to incubate at 37°C for 1 h. The tetramethylbenzidine was added for 10 min in the dark and then 2 M H~2~SO~4~ was added to stop the reaction. The absorbance was read at optical density of 450 nm (OD~450\ nm~) with an ELISA plate reader (Bio-Rad, Hercules, CA, USA). Antibody titer was calculated as the reciprocal of the maximum serum dilution that gave an OD yielding the cutoff value of ELISA (OD~450\ nm~ = 0.35, which is the mean values of negative sera plus three-fold standard errors).

Flow cytometry {#sec010}
--------------

Fourteen days after the booster immunization, mice were killed and aseptically collected spleens were washed in PBS (pH 7.4). The splenocytes were harvested from the immunized mice as described previously \[[@pone.0176537.ref017],[@pone.0176537.ref020]\]. Lymphocyte subtype analysis was performed as described previously \[[@pone.0176537.ref021]\]. Briefly, splenocytes were labeled with fluorescein isothiocyanate (FITC)-anti-mouse CD4^+^, allophycocyanin-cyanine 7 (APC-Cy7)-anti-mouse CD3^+^, and phycoerythrin (PE)-anti-mouse CD8^+^. FITC-, APC-Cy7-, or PE-conjugated antibodies were used as isotype controls (eBioscience, San Diego, CA, USA). Then the percentage of CD3^+^, CD4^+^, and CD8^+^ T cells was quantified.

Lymphocyte proliferation assay {#sec011}
------------------------------

Spleen lymphocytes resuspended in RPMI 1640 complete medium (Gibco, USA) supplemented with 10% inactivated fetal bovine serum were adjusted to 10^6^cells/mL and 100 μL of the suspension was added per well in 96-well plates, and incubated with 5 μg/well recombinant proteins in 5% CO~2~ for 72 h at 37°C. Splenocytes stimulated with 5 μg/well of concanavalin A (ConA) (Sigma, USA) served as a positive control, while negative control cells received medium only. Lymphoproliferation assay was carried out with a MTS cell proliferation detection kit (Promega, Madison, WI, USA). The lymphocytes were incubated with MTS reagent for 4 h. The proliferation of cells was measured at OD~490\ nm~ using a plate reader (Bio-Rad, USA).

Cytokine assay {#sec012}
--------------

Cytokine assay was performed as described previously \[[@pone.0176537.ref017]\]. Supernatants obtained in Section of lymphocyte proliferation assay were harvested and stored at ÿ80°C. Interleukin 2 (IL-2), IL-4, and interferon gamma (IFN-γ) levels were measured using cytokine detection kits following the manufacturer's instructions (Research & Diagnostics Systems, Minneapolis, MN, USA).

*In vitro* whole blood bactericidal assay {#sec013}
-----------------------------------------

The whole blood bactericidal assay was carried out as described previously \[[@pone.0176537.ref018]\]. The H46 cultures were washed three times and diluted in sterilized PBS to 10^8^ CFU. Subsequently, a mixture of 10 μL of H46 suspension and 190 μL of each serum was incubated for 30 min at 37°C. Then 100 μL of nonimmune heparinized blood was added and incubated for 1 h at 37°C with shaking. The samples were plated on TSA plates and colonies were determined after 24 h. The resulting expression was performed as described previously \[[@pone.0176537.ref018]\].

Bacterium re-isolation from the immunized mice following challenge {#sec014}
------------------------------------------------------------------

At 1, 2, and 7 dpc, the presence of *H*. *parasuis* in the liver, spleen, and lung was detected. The tissue sections were prepared as described previously \[[@pone.0176537.ref018]\]. Then serial 10-fold dilution samples were determined by plating on TSA plates and incubated for 16 h at 37°C.

Statistical analysis {#sec015}
--------------------

The immunized groups were compared with the negative group. Descriptive statistics (mean, standard error), normality (Shapiro-Wilk test), and homoscedasticity (Bartlett' s test) were determined. Data were analyzed by ANOVA test using the software Statistics Package for Social Science19.0 (SPSS 19.0).

Results {#sec016}
=======

Expression and purification of five recombinant OMPs {#sec017}
----------------------------------------------------

The DNA fragments encoding the protein of OppA, TolC, LppC, HAPS_0926, and HxuC were successfully cloned into pET-30a(+), confirmed by sequencing (data not shown) and the digestion of *Bam*H I/*Xho* I (data not shown). The recombinant plasmids harboring the foreign genes were used to transform into *E*. *coli* BL21(DE3). The SDS-PAGE results indicated that all of the recombinant proteins were expressed in *E*. *coli* as His-tagged fusion proteins with an expected size ([Fig 1](#pone.0176537.g001){ref-type="fig"}).

![SDS-PAGE analysis of the *E*. *coli*-expressed five recombinant proteins purified by Ni^2+^-NTA affinity chromatography.\
Lane M: protein marker; Lanes 1--6: TolC (approx. 51 kDa), HAPS_0926 (approx. 25 kDa), OppA (approx. 60 kDa), LppC (approx. 62 kDa), and HxuC (approx.78 kDa).](pone.0176537.g001){#pone.0176537.g001}

Antigenicity of five recombinant OMPs {#sec018}
-------------------------------------

The expression of the five recombinant OMPs was further confirmed by Western blotting using the porcine convalescent sera to *H*. *parasuis* \[[@pone.0176537.ref018]\] ([Fig 2](#pone.0176537.g002){ref-type="fig"}). The results showed that the *H*. *parasuis* convalescent sera reacted with five recombinant proteins, indicating that the obtained recombinant proteins can be used for further evaluation of immunoprotection.

![Western blotting analysis of the purified five recombinant proteins.\
Lanes 1--6: purified HxuC (approx.78 kDa), LppC (approx. 62 kDa), OppA (approx. 60 kDa), TolC (approx. 51 kDa), and HAPS_0926 (approx. 25 kDa); Lane 7: sonicated whole cells of *E*. *coli* serving as a NC; Lane M: protein molecular weight marker.](pone.0176537.g002){#pone.0176537.g002}

Protective potential of the five antigens in mice {#sec019}
-------------------------------------------------

The protective potential of the five OMPs against a lethal challenge with H46 was evaluated in mice. The results indicated that rTolC, rLppC, and rHAPS_0926 provided 80%, 70%, and 60% protection, respectively. rOppA and rHxuC did not afford significant protection (survival of ≤ 50%). Therefore, in the following experiment, the immune responses and efficacy of rTolC, rLppC, and rHAPS_0926 were further evaluated separately and in combination.

Antibody responses in the vaccinated mice {#sec020}
-----------------------------------------

To determine whether the mice immunized with the recombinant proteins can induce specific humoral immune responses, an indirect ELISA was carried out. Serum samples from the immunized mice were collected two weeks after the booster immunization. The individual or mixed recombinant proteins were used as coating antigens. As shown in [Fig 3](#pone.0176537.g003){ref-type="fig"}, specific IgG antibody titers against all of the recombinant protein-immunized groups were significantly higher than that of the negative group (*p* \< 0.01). The mice immunized with two antigens in combination displayed slightly higher levels of IgG titers than that of the mice immunized with single antigens. Compared to the other groups, the rTolC + rLppC + rHAPS_0926 (triple-rOMP)-immunized group developed the highest antigen-specific response.

![Serum IgG antibody titers against the recombinant proteins in mice.\
Serum samples were collected two weeks after the booster immunization and tested for the antibody titers by indirect ELISA. Standard deviations were shown as error bars. \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001.](pone.0176537.g003){#pone.0176537.g003}

Cell-mediated immune responses in the immunized mice {#sec021}
----------------------------------------------------

To detect the cell-mediated immune responses, the immunized mice were sacrificed. The splenocytes isolated at two weeks following the booster immunization were analyzed using flow cytometry ([Fig 4A](#pone.0176537.g004){ref-type="fig"}). Compared to the NC, the proportion of proliferated CD4^+^ (*p* \< 0.01) and CD8^+^ (*p* \< 0.05) T cells was significantly higher for the recombinant protein-immunized groups, and the percentage of proliferated CD4^+^ T cells was much higher than that of CD8^+^ T cells. In contrast with the mice immunized with individual antigens or two antigens combination, the mice immunized with triple-rOMP displayed a very significant increase in the percentage of CD4^+^ and CD8^+^ T cells (*p* \< 0.01) ([Fig 4B](#pone.0176537.g004){ref-type="fig"}).

![(A) Dot plot analysis of CD4^+^ and CD8^+^ T cell proliferation. (B) Expression of T lymphocyte subsets in the spleens collected from the mice immunized with recombinant proteins or PBS (NC). Splenocytes were stained with FITC-labeled anti-mouse CD4^+^ and PE-labeled anti-mouse CD8^+^ antibodies. Significant increase in CD4^+^ (*p* \< 0.01) and CD8^+^ (*p* \< 0.05) subsets was observed for the vaccinated group compared to the NC group. (C) Lymphocyte proliferation assay. Splenocytes from the mice immunized with the recombinant proteins or PBS (NC) were stimulated *in vitro* with the corresponding recombinant proteins for 72 h and the lymphoproliferative responses were measured by MTS assay. Stimulation with ConA serving as a positive control. (D) Expression of IFN-γ, IL-2, and IL-4 in the spleens isolated from the mice immunized with the recombinant proteins or PBS (NC). Standard deviations were shown as error bars. \*\*\*, *p* \< 0.001; \*\*, *p* \< 0.01; \*, *p* \< 0.05.](pone.0176537.g004){#pone.0176537.g004}

As shown in [Fig 4C](#pone.0176537.g004){ref-type="fig"}, the seven groups of vaccinated animals showed significant antigen-specific proliferative cell immune responses (*p* \< 0.01). Similarly, a strong proliferative response was determined to ConA as a positive control. However, no antigen-specific lymphoproliferation was found in the NC group.

The cytokine response of splenic lymphocytes was detected by ELISA. Compared to the NC, splenocytes from the recombinant protein-immunized mice induced a significant cytotoxic response of IFN-γ (*p* \< 0.001), IL-2 (*p* \< 0.001), and IL-4 (*p* \< 0.01) ([Fig 4D](#pone.0176537.g004){ref-type="fig"}). Higher levels of IL-2 and IFN-γ were secreted than that of IL-4. These results suggested that the immunization of mice with individual antigens and multi-proteins could induce the Th1 type response.

Bactericidal activities of the antisera from the immunized mice {#sec022}
---------------------------------------------------------------

Antisera against the recombinant proteins significantly inhibited (*p* \< 0.001) the growth of *H*. *parasuis* compared to the negative NC ([Fig 5](#pone.0176537.g005){ref-type="fig"}). Compared to the individual recombinant proteins, the bactericidal activities of antiserum of triple-rOMP-immunized mice were much higher. The results suggest that the immune responses induced by the recombinant proteins are able to provide partial protection against *H*. *parasuis* infection.

![Bactericidal activities of the whole blood from the mice immunized with the recombinant proteins or PBS (NC).\
The results were expressed in pg/mL. Error bars represent the standard errors of the means from three replicates. \*\*\*, *p* \< 0.001.](pone.0176537.g005){#pone.0176537.g005}

Protection of the immunized mice from lethal *H*. *parasuis* challenge {#sec023}
----------------------------------------------------------------------

To evaluate the protective effectiveness of the three vaccine candidates, groups 1--8 were each challenged with 5.0 × 10^9^ CFU H46. The mortality and clinical signs of the mice were recorded daily for 14 dpc. As shown in [Fig 6](#pone.0176537.g006){ref-type="fig"}, the mice of the NC group died within 2 dpc and showed severe pathological changes, including pulmonary consolidation with massive proliferation of fibroblasts, pleura edematous, fibrin in the abdomen, and fibrin in the thorax/hydrothorax. At 14 dpc, all surviving mice were euthanized and subjected to pathological examination. None of the mice immunized with the recombinant proteins showed pathological changes (data not shown). Examination of the heart, liver, spleen, lung, and kidney by PCR\[[@pone.0176537.ref022]\]showed that no *H*. *parasuis* was detectable in the tissues of any animal of the vaccination groups (data not shown).

![The immunized mice' survival following challenge with *H*. *parasuis* serovar 5.](pone.0176537.g006){#pone.0176537.g006}

The post-challenge survival data showed that 80% of the animals survived in the triple-rOMP-immunized group. In contrast with the individual antigens, immunization with the combined three proteins provided better protection against the *H*. *parasuis* serovar 5 challenge.

Bacterial loads in various tissues of immunized mice following challenge {#sec024}
------------------------------------------------------------------------

As shown in [Fig 7](#pone.0176537.g007){ref-type="fig"}, from 1 to 7 dpc, the bacterial loads in the liver and spleen were higher than those in the lung. Analyzing the viable counts in tissues, we observed a significant reduction in the recombinant protein-immunized groups at 7 dpc, and in Groups 4, 5, and 7, there were no bacteria in the spleen, liver, or lung. Compared with others, the animals vaccinated with triple-rOMP showed lowest counts in tested tissues. All of the isolated bacteria were confirmed to be *H*. *parasuis* serovar 5 by PCR (data not shown) \[[@pone.0176537.ref022]\].

![Bacterial counts in different tissues from the vaccinated animals at 1, 2, and 7 dpc following challenge with *H*. *parasuis* serovar 5.\
The bacterial loads in the tissues of the animals were expressed as log~10~CFU/50 μg of tissues.](pone.0176537.g007){#pone.0176537.g007}

Discussion {#sec025}
==========

*H*. *parasuis* is an important respiratory tract pathogen causing severe infections in pigs. It is difficult to control the systemic infection of this organism because of the limitation of knowledge regarding its pathogenesis and immunogenicity \[[@pone.0176537.ref023]--[@pone.0176537.ref024]\]. Conventional vaccines for *H*. *parasuis* are inefficient for inducing cross-protective immunity \[[@pone.0176537.ref025]\]. OMPs of *H*. *parasuis* have been confirmed to have the potential for developing effective subunit vaccines \[[@pone.0176537.ref012]--[@pone.0176537.ref016],[@pone.0176537.ref018]\]. The advances in whole-genome sequencing and bioinformatics techniques made it possible to search protective antigens for bacterial pathogens \[[@pone.0176537.ref013]\].

Animal models have widely been used to screen bacterial proteins as subunit candidate vaccines. For instance, mice are good models to evaluate the immunological parameters of *H*. *parasuis* \[[@pone.0176537.ref012]--[@pone.0176537.ref013],[@pone.0176537.ref017]\]. In the present study, screening for the vaccine candidates was primarily performed in *in vivo* protection assay, and immunization with rTolC, rLppC, and rHAPS_0926 markedly protected mice from *H*. *parasuis* infection. The abilities of these three antigens to induce humoral and cell-mediated immunity and protection were further evaluated separately or in cocktails.

The TolC protein is used by both the type I protein secretion pathway and multidrug efflux pumps as a prototypical outer membrane channel component \[[@pone.0176537.ref026]\]. TolC participates in the formation of type I secretion systems of bacterial virulence factors, for instance, adenylate cyclase toxin (*Bordetella pertussis*), alkaline protease (*Pseudomonas aeruginosa*), and α-hemolysin (*E*. *coli*) \[[@pone.0176537.ref027]\]. A previous study demonstrated that efflux protein TolC plays an important role in biofilm formation in *E*. *coli* \[[@pone.0176537.ref028]\]. It is one of the most potent antigens of *Salmonella paratyphi A* and a promising candidate target for the development of new vaccines \[[@pone.0176537.ref029]\]. Both of LppC and HAPS_0926 are outer membrane lipoproteins. Lipoproteins are widely distributed in Gram-negative bacteria, which are involved in diverse mechanisms of physiology/pathogenesis and are considered potential target antigens for vaccine development against many infectious diseases \[[@pone.0176537.ref030]--[@pone.0176537.ref031]\]. Our previous study demonstrated that the VacJ lipoprotein was a good vaccine candidate against Glässer\'s disease \[[@pone.0176537.ref018]\]. We chose these three OMPs for further analysis of immunogenicity and immunoprotection. The results revealed that the mice immunized with rTolC, rLppC, or rHAPS_0926 alone provided partial protection against *H*. *parasuis* infection.

The advantage of a multivalent subunit vaccine is that it would provide better protection than the univalent component because of its ability to generate abundant immunogens. In previous studies, researchers have used a 1:1 or 1:1:1 ratio of single proteins to evaluate the efficacy of subunit vaccine candidates \[[@pone.0176537.ref024], [@pone.0176537.ref032]\]. Hence, we chose the same ratio of single OMPs to compose the multi-protein vaccines.

In the current study, these subunit vaccines were shown to be capable of inducing a high titer of antibodies and cell-mediated immunity in mice, providing strong protective potential. Similar to the previous reports, our results showed that the combination of recombinant antigens induced higher antibody titers, confirming that the antigen cocktails are more immunogenic than the individual ones \[[@pone.0176537.ref033]--[@pone.0176537.ref035]\]. The induction of cell-mediated immune responses characterized by antigen-specific T cell proliferation revealed the immunogenicity of multi-proteins with a higher proliferation index. The splenocytes from the multi-proteins-immunized groups secreted higher levels of cytokines in response to corresponding antigens than those of the single-components vaccinated groups, which is consistent with the lymphocyte proliferation. It was possible to verify that the multi-protein vaccines induced specific Th1-mediated immune protection in the immunized animals, as demonstrated by the specific production of IL-2 and IFN-γ *in vitro*, along with a low expression of IL-4. Our results of immunogenicity proved that the multi-protein vaccine was better than individual proteins. After the challenge, bacterial loads in all evaluated tissues were decreased significantly in the triple-rOMP-immunized mice, which were related to bactericidal activities of the antisera.

Besides the three vaccine candidates, two other proteins, OppA and HxuC, should not be ignored. OppA is an oligopeptide permease ABC transporter membrane protein, which has been identified as a vaccine development target against several pathogenic bacteria, such as *Yersinia pestis* and *Moraxella catarrhalis* \[[@pone.0176537.ref036]--[@pone.0176537.ref037]\]. Recently, the researchers used recombinant OppA as the antigen of an indirect hemagglutination assay for detecting antibodies against *H*. *parasuis* \[[@pone.0176537.ref038]\]. The TonB-dependent haem receptor HxuC belongs to the *hxuCBA* gene cluster, which is a virulence factor of *H*. *Influenzae* \[[@pone.0176537.ref039]\]. The results revealed that these two proteins could react with convalescent sera, but did not induce effective protection against *H*. *parasuis* infection in the mouse model.

It is important to optimize the dose and route of administration for evaluating new antigens. Development of cross-protective vaccines is needed urgently for the control and prevention against *H*. *parasuis* infection, because single antigens are insufficient to offer complete protection. Additional studies to evaluate the triple-rOMP vaccine against other serovars of *H*. *parasuis*, such as serovars 1, 4, 12, and 13, should also be performed in future studies. Indeed, subunit vaccines should be tested for the protection efficacy conferred in practice in target animals. Piglets are quite suitable for evaluating the protective potency against the heterologous challenge of *H*. *parasuis*. In previous studies, our group had already screened four secreted proteins (RnfC, Ndk, Gcp, and HsdS) and three OMPs (Omp26, VacJ, and HAPS_0742) as vaccine candidates against Glässer\'s disease\[[@pone.0176537.ref018],[@pone.0176537.ref022]\]. Therefore, we will further evaluate the screened bacterial proteins in cocktails in pigs, which might contribute in the development of an efficacious multi-protein vaccine against Glässer\'s disease.

In summary, humoral and cellular immunity and protection efficacy of rTolC, rLppC, and rHAPS_0926 identified by a selective bioinformatic approach were evaluated in this study. Our results showed that three recombinant proteins elicited high-titer antibodies, T cell-mediated immunity, and substantial protection (survival rate ≥ 50%) against *H*. *parasuis* serovar 5 infection. The combination of three antigens elicited a much stronger immune response and effective protection. Therefore, an antigen cocktail containing triple-rOMP would be a valuable candidate for developing an efficient and improved multivalent subunit vaccine against *H*. *parasuis* serovar 5 infection.
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